We present a search for large extra dimensions and dark matter pair-production using events with a photon and missing transverse energy in pp collisions at √ s = 8 TeV. This search is done with the data taken by the CMS experiment at the LHC corresponding to an integrated luminosity of 19.6 fb −1 . We find no deviations with respect to the standard model expectation and improve the current limits on several models.
Introduction
Events from pp collisions at the Large Hadron Collider (LHC) containing a photon (γ) of large transverse momentum (p T ) and missing transverse energy (E / T ) are used to investigate two extensions to the standard model (SM) . One involves a model of dark matter (DM), which is now widely accepted as the dominant contribution to the matter density of the universe. At the LHC, DM can be directly produced in the reaction→ γχχ, where the photon is radiated by one of the incoming quarks and is used to trigger on the event.
The γ + E / T final state is also sensitive to models involving extra spatial dimensions. The Arkani-Hamed, Dimopoulos, and Dvali (ADD) model provides a possible solution to the disparity between two seemingly unrelated fundamental scales of nature: the electroweak unification scale (M EW ≈ 100 GeV) and the Planck scale (M P ≈ 10 19 GeV). The process→ γ G, where the graviton G escapes detection, further motivates the search for events with a single high-p T photon and E / T .
In the ADD framework, the brane may also fluctuate in the extra dimensions. If the brane is assumed to be flexible, the fluctuations of the brane could give rise to scalar particles called Branons. These particles could be pair produced in association with SM particles at the LHC.
The primary background for the γ + E / T signal is the irreducible SM background from Z(→ νν)γ production. This and other SM backgrounds such as W γ, W (→ lν) , Z(→ ll)γ , QCD multijet, γ+ jet and γγ events and background from beam halo are accounted for in the analysis.
Selection and Observation
Events containing an isolated photon with transverse energy larger than 145 GeV and E / T larger than 140 GeV are selected from a data sample corresponding to an integrated luminosity of 19.6 fb −1 using single γ and γ + E / T triggers. A topological cut of ∆φ(E / T − γ) > 2 is imposed and events with significant hadronic or leptonic activity are rejected. In order to reduce the contamination of events with non intrinsic E / T , a χ 2 function is constructed and minimized using the unclustered energy (U = −(E / T + p T )) in the event.
For events with intrinsic E / T , the minimization will result in large χ 2 values. Therefore, events with small χ 2 probability are rejected. Backgrounds that originate out of time with the nominal collision event are estimated from data by examining the transverse energy distribution of the electromagnetic (EM) cluster and the arrival time of the signal. Events with electrons misidentified as photons arise mainly from W (→ eν) events and are estimated with Z(→ ee) events in data. Events with jets misidentified as photons are estimated using a control sample of EM-enriched QCD events. Backgrounds from Z(→ νν)γ, W γ, Z(→ ll)γ, γ+ jet and γγ events are estimated from simulation. To check that the SM background predictions properly model the data, control regions with small potential signal contamination are established. A first region dominated by the Zγ process is obtained by inverting the topological cut between the γ and E / T . A second region dominated by the W γ process is obtained by inverting the lepton veto. The observed data in both control regions is well described by the background predictions as shown in Table 1 .
In the candidate data sample, the 630 observed events agree within uncertainty with the total expected background of 612.6 ± 50.0 events. Distributions of the photon p T and E / T for the selected candidate events along with the estimated backgrounds are shown in Fig. 1. 200 400 600 800 1000 
Interpretations
90% CL upper limits are placed on the DM production cross section as a function of M χ assuming either vector or axial-vector operators. The cross section limits are converted into lower limits on the cutoff scale Λ, which are then translated into upper limits on the χ-nucleon cross sections calculated within the effective field theory framework. These limits can then be compared to direct and indirect detection dark matter experiments. The CMS limits are the most stringent over a wide range of DM mass hypotheses in the case of spin dependent couplings as seen in Fig. 2 . 95% CL upper limits are placed on the production cross section in the ADD model and are translated into exclusions on the model parameters M D and n. Masses M D < 2.30 TeV are excluded at 95% CL for n = 3. For massless branons, the brane tension f is found to be greater than 412 GeV and branon masses M B < 3.5 TeV are excluded at 95% CL for low brane tension (20 GeV). These are the most stringent bounds to date as seen in Fig. 2. 
Conclusions
In summary, the analysis of γ + E / T production in pp collisions at √ s = 8 TeV was used to derive stringent upper limits on the vector and axial-vector contributions to the χ-nucleon scattering cross section. This search is complementary to searches for elastic χ-nucleon scattering or χχ annihilation. In addition the analysis attained the most stringent limits to date on branon masses and on an effective extra-dimensional Planck scale from the γ + E / T channel.
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